Previous studies from this laboratory have shown that human TS mRNA translation is regulated by its protein product in a negative autoregulatory manner. In this paper, we identify an RNA binding site for TS protein located within the first 188 nt of TS RNA. A 36-nt RNA sequence contained within this 188-nt fragment, corresponding to nt 75-110 and including the translational initiation site, binds TS protein with an affinity similar to that of both the full-length and the 188-nt TS RNA sequences. Variant RNAs with either a deletion or a mutation at the translational initiation region are unable to compete for TS protein binding. UV crosslinking studies reveal that an RNA fragment of "36 nt is protected from RNase Ti digestion by TS protein binding. A second TS protein-binding site is localized within the protein-coding region corresponding to nt 434-634. These findings demonstrate a specific interaction between human TS protein and its TS RNA and identify an RNA binding site that includes the translational initiation site.
Thymidylate synthase (TS; EC 2.1.1.45) catalyzes the conversion of deoxyuridine monophosphate (dUMP) and 5,10-methylenetetrahydrofolate to thymidine monophosphate (dTMP) and dihydrofolate (1) . Because this enzymatic reaction provides the sole de novo intracellular source of dTMP, TS is a critical therapeutic target enzyme in cancer chemotherapy (2, 3) .
In mammalian cells, the study of TS gene regulation has mainly focused on cell cycle-directed events. The increase in TS enzyme expression that accompanies entry into the S phase of the cell cycle appears to be regulated at both the transcriptional and the posttranscriptional level (4) (5) (6) (7) (8) (9) . More recently, Jolliff et al. (10) demonstrated the presence of multiple protein binding sites on the mouse TS gene promoter region. Their studies suggest that protein-TS DNA interactions may play an important role in the transcriptional regulation of mouse TS gene expression.
In contrast to the extensive efforts directed toward understanding the transcriptional regulatory mechanisms of TS, relatively little information is presently available concerning the biological relevance of translational control in the regulation of TS gene expression. In their report describing the primary structure of the Escherichia coli TS gene thyA, Belfort et al. (11) suggested that the proximity of the ShineDalgarno sequence to the AUG translational start codon might reduce ribosome binding and, thus, inhibit translational initiation. Takeishi et al. (12) also suggested the possibility for translational regulation of TS, given the potential for three stem-loop structures in the 5' untranslated region (5' UTR) of the human TS mRNA. We recently demonstrated that translation of human TS mRNA is controlled by its own protein end product, TS, in an autoregulatory manner (13) . Using an in vitro rabbit reticulocyte lysate system, we observed that recombinant human TS inhibited translation of TS mRNA. Preliminary studies using a gel mobility-shift assay confirmed binding of recombinant human TS to its corresponding mRNA.
Here we provide evidence that TS protein binds specifically to TS RNA sequences in vitro. Two binding sites for TS have been identified, one located within the initial 188 nt of the TS RNA and the other between nt 434 and 634. Further studies reveal that a 35-nt RNA oligomer containing the TS translational initiation sequence retains the ability to specifically bind TS.
MATERIALS AND METHODS
Preparation of Plasmid Constructs and in Vitro mRNA Transcripts. Full-length TS RNA transcript was synthesized with SP6 RNA polymerase (13) . Full-length antisense TS RNA transcript was synthesized with T7 RNA polymerase after linearization of pcEHTS with Sst I. The pcEHTS-PST RNA (PST) transcript was synthesized after linearization of pcEHTS with Pst I. The 113-bp Pst I-EcoRI fragment from pcEHTS was cloned into the Pst I and EcoRI sites of pGEM-4Z (Promega), and pcEHTS-PST/EcoRI (PSTEcoRI) RNA was synthesized with SP6 RNA polymerase after linearization with HindIII. The 133-bp EcoRI-Ava I fragment from pcEHTS was cloned into the EcoRI and Ava I sites of pGEM-4Z (Promega), and pcEHTS-EcoRI/Ava I (EcoRI-AVA) RNA was synthesized with SP6 RNA polymerase after linearization with HindIII. The 1090-bp Ava I-HindIII fragment from pcEHTS was cloned into the Ava I and HindIII sites of pGEM-4Z (Promega), and pcEHTS-AVA (AVA) RNA was synthesized with SP6 RNA polymerase after linearization with HindIII. The 638-bp EcoRI-Taq I fiagment from pcEHTS was cloned into the EcoRI and Cla I sites of pGEM-7Z (Promega), and pcEHTS-EcoRI/TAQ (EcoRI-TAQ) RNA was synthesized with T7 RNA polymerase after linearization with HindIII. The 513-bp Taq I-Taq I fragment from pcEHTS was cloned into the Cla I site of pGEM-7Z (Promega), and pcEHTS-TAQ (TAQ) RNA was synthesized with T7 RNA polymerase after linearization with HindIII. Truncated TS cDNA constructs corresponding to nt 434-634, 635-835, and 836-939 were prepared by PCR amplification from the pcEHTS plasmid. PCR amplifications were carried out under standard conditions using 100 pmol of each primer and 0.5 pmol of DNA template (14 human TS in 20 ,ul were incubated at 37°C for 15 min and then treated with RNase T1 and heparin as described above. The complexes were then crosslinked by UV irradiation for 15 min at 254 nm (Stratalinker 1800 UV crosslinker, Stratagene) and resolved in an SDS/12.5% polyacrylamide gel. The gel was dried and subjected to autoradiography.
RNA Secondary Structure Analysis. RNA secondary structure was generated with the FOLD program (19) and run on a Convex mainframe computer (20) . The graphic representation of the secondary structure analysis was produced with the SQUIGGLES program [part of the FOLD program (19) ].
RESULTS
In previously published experiments where the interaction between TS protein and its mRNA was examined, partially pure recombinant human TS was employed as the protein source (13) . Although homogeneous TS protein was used in the in vitro translation studies, the rabbit reticulocyte lysate in vitro translation system itself contains endogenous rabbit proteins. Since the assays were performed either with impure TS or with pure TS and rabbit lysate, the potential role of other cofactors or proteins in facilitating binding of TS to its mRNA remained unclear. To address this issue, we incubated full-length human TS mRNA with either ammonium sulfate-purified (specific activity, 0.01 unit/mg) ( We previously showed that addition of unlabeled fulllength TS RNA completely inhibited complex formation between TS RNA and partially pure recombinant human TS protein (13 (Fig. 1B, lanes 3 and 4) , complex formation was completely inhibited. In contrast, the ability to form the complex was maintained when TS protein was preincubated with a nonspecific antibody including either rabbit IgG (4 pug) (Fig. 1B, lane 5) or goat anti-rabbit IgG (4 ,ug) (lane 6). Preincubation of TS protein with preimmune antiserum did not inhibit complex formation (data not shown).
To identify the RNA binding sites, a series of truncated TS RNAs were synthesized (Fig. 2) . Each of these RNA constructs was then used as an unlabeled RNA competitor in gel mobility-shift assays to determine their relative affinities for TS protein (Table 1) . Full-length, 1524-nt sense TS RNA effectively competed for TS protein binding (IC50 = 0.8 nM) ( Fig. 3; Table 1 ). In contrast, the affinity of TS for full-length antisense TS RNA was 28-fold lower than for the sense TS RNA ( Fig. 3 ; Table 1 ).
The PST TS RNA sequence, which included only the first 188 nt of the TS RNA, effectively competed with 32P-labeled full-length TS RNA for TS protein binding ( Fig. 3 1.3 ± 0.3 2.4 ± 0.6 1.6 ± 0.4 1.5 ± 0.4 32 ± 5 >1100 >1100 >1100 >1100 0.5 ± 0.1 >1100 >1100 >1100 >1100 >1100 nt of the TS RNA. To more accurately define the sequence and/or structural requirements for RNA-protein complex formation within this specific region, we synthesized a 36-nt RNA construct (nt 75-110) (35-TS) that included the AUG translational initiation codon (nt 94-96). This RNA sequence formed a complex with TS protein (Fig. 4A, lanes 2 and 3) . In contrast, deletion of the AUG and the preceding GCC sequence (35A-TS) abolished binding to the TS protein (Fig.  4A, lanes 5 and 6) , similar to what is observed in the absence ofTS (lanes 1 and 4) . As a more precise measure ofthe ability of these two RNA sequences to interact with TS protein, we determined their relative binding affinity for TS protein in comparison to full-length TS RNA (Fig. 4B) . The 36-TS sequence bound TS protein with a relative affinity (Ic5o=0.5 nM) similar to that of full-length TS RNA (Fig. 4B, panel 1 ; Table 1 ). The 35A-TS mutant did not compete with 32P-labeled TS RNA at the highest RNA concentrations (1000-fold molar excess) (Fig. 4B, panel 2 Fig. 6 may not be the major factor in TS protein binding. These results, taken together, suggest that the loop domain of the stem-loop structure that is made up by the hexanucleotide sequence GCCAUG is the critical determinant of this TS protein-RNA interaction.
Takeishi and coworkers described the theoretical potential formation of three stable stem-loop structures within the 5' UTR (12) and further postulated that these structures may affect the translational efficiency ofTS mRNA (22) . Using the RNA FOLD program (19) , we have performed a preliminary secondary structure analysis of both the 188-nt TS RNA and the 36-nt 35-TS RNA (Fig. 6) (24, 25) . This interaction between the IRE and the IRE-BP is dependent on the redox state of the protein. In its oxidized form, the IRE-BP binds to the IRE with a dissociation constant of 0.7 nM. In contrast, the fully reduced form of the protein interacts with the IRE with a 100-fold higher affinity than that described for the binding of TS protein to its own mRNA (26) . Similarly, the product of the R17 bacteriophage coat protein gene binds to a single hairpin loop structure corresponding to the initiation region of the replicase gene and represses translation of that gene (27) (28) (29) . The dissociation constant for bacteriophage R17 coat protein binding to R17 RNA (30, 31) is similar to that reported in the present study for the TS protein-mRNA complex.
We have also identified a second binding site, corresponding to nt It will be important to perform a more detailed analysis of the sequence and structure requirements required for these two RNA binding sites. In addition, since all these studies relate to in vitro binding of TS to TS RNA, the biological relevance of this interaction will need to be addressed. The present study shows that direct binding of TS to its RNA may represent an important mechanism by which TS protein negatively regulates translation. The rapid increase in TS enzyme activity and expression occurring in human colon cancer cells exposed to 5-fluorouracil over a 24-hr period results from increased translation of TS mRNA (32) . In addition, the fluctuation in the levels of TS enzyme activity during the cell cycle may be regulated at the translational level (33) . These studies, taken together, suggest that translational regulation of TS is a biologically relevant process.
Thus, further characterization of the specific cis-acting elements on TS mRNA that are critical for TS protein binding and TS mRNA translation should provide greater insights into the regulation of this important gene.
